Combustion, pyrolysis and hydropyrolysis reactivity of Tuncbilek lignite was monitored by temperature programmed pyrolysis (TPP) under pure nitrogen flow, temperature programmed oxidation (TPO) under air flow and temperature programmed hydrogenation (TPH) under hydrogen flow at atmospheric pressure in a packed bed reactor.The structures of the organic and inorganic components were analyzed by NMR spectroscopy and XRD. Only methane and hydrogen were the main products of TPP while small amounts of CO and CO 2 were also observed. Solid-state 1 H and 13 C CPMAS and 1 H liquid Nuclear Magnetic Resonance (NMR) Spectroscopy of the pristine lignite, as well as tar and char products of pyrolysis and hydrogenation (hydropyrolysis), revealed similar tar compositions. TGA of pyrolysis chars indicated that there were more residual volatiles in hydropyrolysis char in comparison to pyrolysis char. Elemental analysis of pyrolysis and hydropyrolysis chars revealed that 25% of sulfur was lost during pyrolysis, whereas N 90% of sulfur was lost during hydropyrolysis indicating efficiency of atmospheric pressure hydropyrolysis for both desulfurization and tar production. Volatile matter and fixed carbon, mostly aromatic, gave rise to distinct oxidation peaks during TPO. The oxidation peak due to volatiles was missing from TPO of pyrolysis char as well as from organic contents determined by NMR spectroscopy.
Introduction
22.5% of the worlds recoverable coal reserves are lignite, the youngest form of coal [1] . Lignite reserves of Turkey constitute 1.6% of the total known world reserves. These low rank coals are generally high in ash and sulfur content yet low in calorific value, and are mainly used for electricity production. Therefore the chemistry and process engineering associated with the use of lignite for energy production remain an important research endeavor. Indeed, many of the basic research opportunities in coal science were identified in 1979 [2] , yet remain unfulfilled due to the unsteady flows of research funding driven by global changes in the world economy. The authors in 1979 [2] stated that, "The technology bases for utilizing coal directly by combustion and for the conversion of coal to liquids and gases are available. However, in our opinion, considerable improvements in overall thermal efficiency, hydrogen utilization and to meet strict environmental requirements are needed…. New and better processes will develop as a result of the breakthroughs in our understanding of the chemistry of coal utilization and these breakthroughs will necessarily come from a better understanding of coal".
Coal is composed of organic (volatile and fixed carbon) and inorganic (ash) fractions [3, 4] . During the pyrolysis, gasification and/or liquefaction processes, the more reactive volatile and aliphatic carbon fractions in the structure are removed at relatively low temperatures. The remainder is coal char having highly ordered structure and less reactivity. The decrease in char reactivity is generally considered to be due to the decrease in both the surface area and the number of active sites during heating [5] [6] [7] [8] [9] . Since the physical and chemical properties of coal determine its processing fate, a detailed characterization of coal decomposition products is very important prior to designing coal carbonization, oxidation, and gasification and/or liquefaction processes.
A variety of characterization techniques are currently used to provide reliable information about the coal decomposition products and their reactivity. Gupta suggested that classical coal analyses (proximate, ultimate and Eschka) do not provide sufficient information about the relation between coal structure and reactivity due to the assumed homogenous structure of coal [10] . Fourier transform infrared (FTIR) and 13 C NMR spectroscopy prove to be useful to describe the organic structure of coal [10] [11] [12] [13] [14] [15] . X-ray Fluorescence (XRF) is used to identify the mineral constituents and their amounts while the reactivity of mineral 
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NMR methods have been used since 1960 to quantify the coal matrix. Brown and Ladner used proton NMR to indicate the aromatic fraction of coal derived materials in 1960 [16] [17] [18] . Modern pulse and Fourier transform NMR techniques have been used since 1970 in order to determine the organic structure determination [11, [19] [20] [21] . In addition to coal characterization, NMR spectroscopy is also very useful for the detailed analysis of coal liquefaction products [22, 23] .
The objectives of the present study are to explore the relationship between Tuncbilek lignite chemical structure and its reactivity by monitoring its pyrolysis and hydrogenation products. The heterogeneous structures of coal and its residues were monitored by NMR spectroscopy while temperature programmed oxidation of coal was used to determine the reactivity of coal residue obtained during the pyrolysis and hydrogenation. The changes in sulfur composition in Tuncbilek lignites during pyrolysis and hydrogenation were also determined.
Materials and methods

Preparation of coal sample
Coal samples were donated from Turkish Coal Enterprises (TKI) Tuncbilek Lignite Establishment in Turkey. To obtain a representative sample, 25 kg coal was crushed in a grinder, spread on a flat surface, and divided into four equal parts. After two parts were discarded, the remaining parts were mixed and the same process was repeated until 1 kg sample remained. This remaining sample was sieved to obtain particles of maximum 150 μm.
Reactor system
Semi-batch processing of coal was performed in a home built reactor system connected to a HP 5890 gas chromatograph equipped with the Porapak Q column. Approximately 500 mg of a lignite sample was placed in a ¼-inch quartz reactor and fastened by quartz wool at both ends. The reactor was placed in a home built temperature-controlled furnace. All of the gases used in this study were procured from Oksan (99.99% purity). Pyrolysis and oxidation experiments were conducted in the temperature range of 40-800°C with a heating rate of 5 K/min under 200 cm 3 /min N 2 and air flow, respectively. Hydrogenation of Tuncbilek lignite was carried out by flowing 50 cm 3 /min of a H 2 -N 2 mixture, keeping the rest of the experimental conditions the same. Gas analyses during pyrolysis and oxidation processes were performed by monitoring GC signals for H 2 , CH 4 , and CO 2 . H 2 S formed during hydrogenation reactions was collected in a sulfur trap by passing the reactor effluent gases through a wash bottle filled with saturated Pb-acetate solution. Owing to complications that can arise from H 2 S and gases condensing in the wash bottle, GC analysis was not performed during hydrogenation experiments. Quartz wool was placed at the exit of the reactor to collect tar. Some of the NMR measurements were performed using tar deposited on the reactor walls. Both samples yielded similar results.
Coal analyses
2.3.1. Proximate, ultimate and Eschka analyses of lignite Three identical samples were used for the proximate and ultimate analyses, and the average results of the three measurements were reported. In proximate analysis, moisture, volatile matter, and ash composition of the lignite samples were determined according to ASTM D-3173, D-3174, and D-3175 standards, respectively. For the ultimate analysis, LECO-CHNS-932 analyzer was used to determine the carbon, hydrogen, nitrogen, and sulfur contents of the lignite. The sulfur composition was also determined from Eschka method [24] .The heating value of the lignite was measured with a bomb calorimeter (Gallenkamp Autobomb, CAB001.AB1.C).
X-ray analyses
X-ray Fluorescence (XRF) spectroscopy (Rigaku ZSX Primus II) was used to determine the mineral contents of lignite and its ash after combustion. The sample was mixed with a wax binder in a weight ratio of 4:1 and the mixture was then pressed at 15 tons into 32 mm diameter pellets before analysis. The XRD experiment was performed with a Philips model PW1840 (1729) X-ray diffractometer using Ni filtered Cu-Kα 945 radiation (l = 1.5405 Å) operating at 30 kV and 15 mA. Scan rate was selected as 0.05°/s.
Thermal analyses
Thermal Gravimetric Analysis (TGA) (Shimadzu DTG 60H) experiments were conducted in the temperature range between 25-900°C with a heating rate of 10 K/min under 60 cm 
Results
Coal analyses
The results from the proximate analysis and elemental analysis of Tuncbilek lignite on air dried basis are presented in Table 1 . Volatile matter of coal sample was~28%, while ash content in coal was determined to be 38% by weight. The results of ultimate analysis in Table 1 indicate that the relative amount of carbon is 37.7 ± 0.7 wt%. Hydrogen and nitrogen contents of coal are 3.6 ± 0.1 and 1.6 ± 0.1 wt%, respectively, while sulfur content is 5.4 ± 0.6 wt%. The total amount of sulfur was determined by Eschka method as 3.9 ± 0.2%. In addition to sample heterogeneity, the difference between the sulfur amounts reported by two different methods of sulfur analysis most probably stems from the differences in the temperatures used. In ultimate analysis, coal is combusted at 925°C, while in Eschka analysis combustion temperature was 825°C. Furthermore, the heating value of lignite sample was determined as 3680 ± 60 cal/g. The major inorganic components present in Tuncbilek lignite, and its ash, were determined by XRF and are shown in Table 2 . The XRF analysis reports the relative amounts of the elements detected in the samples in terms of oxides in their highest oxidation state. The relative ratios of SiO 2 , Al 2 O 3 and Fe 2 O 3 remained unchanged between the lignite and its ash. However, the amount of sulfur reported in terms of SO 3 decreased significantly confirming largely combustible nature of the sulfur as reported in Table 1 . The results presented are consistent with the published reports of similar samples [25] .
TGA analyses under N 2 and air flow
The TGA of lignite under N 2 flow is shown in Fig. 1 (top). 5% weight loss near 100°C corresponds to the relative amount of moisture. The remaining 28% weight loss represents the volatile content of coal. The derivative curve of the weight loss indicated that maximum weight loss occurred at 450°C. TGA in air of the same sample is presented in Fig. 1(bottom) . The moisture content is consistent with the results obtained under N 2 flow. The final percentage of mass (~38%) left in the pan after oxidation corresponds to ash. The ash, moisture, volatile and fixed carbon amounts determined from TGA are consistent with the proximate analysis results presented in Table 1 .
Temperature programmed pyrolysis (TPP) and temperature programmed oxidation (TPO) tests
Temperature programmed pyrolysis and oxidation experiments were conducted in the temperature range of 40-800°C under 200 cm 3 /min N 2 and air flows in the semi-batch reactor system described in Section 2. CH 4 , H 2 , and CO 2 were the main products observed during temperature-programmed experiments under N 2 flow. The reactor furnace temperature was increased at a constant rate of 5 K/min. Since hot spots can be formed during the exothermic decomposition (resulting in differences between the temperature in the furnace and in the reactor), the data are presented with respect to time instead of temperature. Formation rates for CH 4 , H 2 and CO 2 are shown in Fig. 2 . The total amounts of methane, hydrogen and carbon dioxide were determined from the area under the curves and are presented in Table 3 . The total amount of material accounted by the values reported in the first column of Table 3 (H 2 , CH 4 and CO 2 ) corresponds to 0.16 g/g coal. This is in agreement with the 28 wt% volatiles measured by proximate analysis and TGA considering that C n compounds with n ≥ 2 were not measured in the gas analysis. Gas formation rates for CH 4 , H 2 , and CO 2 were also monitored during temperature-programmed-oxidation under air flow. Very small amounts of methane and hydrogen were detected at the earlier phases of the reaction (not shown). CO 2 formation rates under air flow are shown in Fig. 3 for a pristine lignite sample (b); pyrolysis data are shown in (a) for comparison. On the same figure, the CO 2 evolution rates from TPO of the pyrolysis product are also shown (Fig. 3c) . Integrated amounts of gaseous products (CH 4 , H 2 , and CO 2 ) are given in Table 3 . The amount of CO 2 formed during oxidation corresponds to about 0.4 g C/g coal, consistent with the elemental analysis ( Table 1) .
The results presented in Fig. 3 indicate different events taking place in different temperature ranges: volatile matter combustion occurs at around 250°C; combustion of the fixed carbon takes place in two different combustion processes as indicated by peaks at 350 and 450°C. These results suggest that combustion is a strong function of the chemical identities of the compounds found in the coal. These chemical constituents were therefore probed via 1 H and 13 C NMR spectroscopy by comparing spectra from as-received coal with pyrolysis, hydrogenation and oxidation residues. 
C (CP) MAS-NMR spectroscopy
As described above, 13 C NMR spectroscopy proves to be useful to describe the organic structure of coal [10] [11] [12] [13] [14] [15] especially when it is possible to make quantitative analyses [26] . We therefore analyzed unprocessed coal, its pyrolysis and hydrogenation residues using C CPMAS NMR spectrum of the unprocessed Tuncbilek lignite shown in Fig. 5a consists of two main signals that are associated with the aliphatic and aromatic hydrocarbon fractions of the lignite sample. In the aliphatic region the intense peak at approximately 20 ppm originates from methyl (-CH 3 ) groups [28] [29] [30] [31] [32] [33] . The largest peaks at 125 and 130 ppm arise from protonated and non-protonated aromatic carbon structures, respectively [28] [29] [30] 32, [34] [35] [36] [37] . The shoulders between 150 and 190 ppm arise from oxygen bonded aromatic C\ \O (150-165 ppm), carbonyl, and NC=O groups (165-190 ppm) [23, 28, 32, [37] [38] [39] [40] . Fig. 5b affirms our contention that the aliphatic portions of the pyrolysis residue are absent (e.g., the trends seen in going from Fig. 4a to  4b ). The changes in aromatic carbon region of the 13 C spectra (100-200 ppm) are largely interpreted as due to changes in the 13 C natural linewidths owing to the inhomogeneity of the samples and/or the presence of unpaired electrons associated with minerals or coal defects. The quantification of the 13 C CPMAS data for the lignite shown in Fig. 5a indicated that 35% of the signal originated from aliphatics (at 27 ppm) and 65% was due to aromatics (at 131 ppm). The corresponding NMR spectrum of pyrolysis char (Fig. 5b) did not reveal any aliphatic carbons. The tar extracts (Fig. 5c) show the highest resolution, with peaks at 155 and 166 ppm representing oxygenated aromatic carbon structures. Vestiges of these features are present in the lignite (unprocessed) coal, whereas they are largely broadened in the spectrum from the pyrolysis residue.
Effects of pyrolysis and hydrogenation on sulfur content
The results of the elemental analysis before and after pyrolysis and hydrogenation processes presented in Table 4 indicate that sulfur contents of lignite samples were significantly reduced after hydrogenation. Other important implications from Table 4 are (i) the decrease in hydrogen content during pyrolysis verifies the utilization of inherent hydrogen for sulfur removal; (ii) relative amounts of carbon in residues were preserved; and (iii) both hydrogen and nitrogen compositions also decreased under pure hydrogen flow.
Sulfur removal was monitored by XRD via analyses of the characteristic peaks associated with pyrite. XRD patterns of cubic pyrites shown 2θ peaks at~28. 8 [41] [42] [43] [44] [45] . The X-ray diffraction patterns of pyrolysis and hydrogenation residues of Tuncbilek lignite shown in Fig. 6 reveal the loss of these characteristic pyrite peaks after pyrolysis and hydrogenation. While the quartz (2θ~26.8, 20.9, 50.4, 37.2, 39.7°) peaks remained uninfluenced after pyrolysis and hydrogenation, the kaolinite (2θ~12.5, 20.3, 24.9, 36.1, 38.6°) [46] peaks disappeared after the aforementioned processes. Appearance of Fe (110) peak at 2θ = 44.6°confirmed the elimination of pyrite to form metallic Fe during hydrogenation [47, 48] .
Discussion
Pyrolysis is the thermal decomposition of organic compounds in an oxygen-free atmosphere and can be considered as the initial stage of combustion, liquefaction, and gasification [40, [49] [50] [51] . During our experiments, the oxygen free atmosphere was established by a nitrogen sweep over a packed bed of lignite. The rates of hydrogen, methane and carbon dioxide evolution during TPP of Tuncbilek lignite are shown in Fig. 2 . CO 2 production commenced at around 200°C during pyrolysis and is attributed to the decomposition of aliphatic carboxylic acids [50] . Cracking of complex coal structure into light hydrocarbon fragments, CO 2 and water is the second step of pyrolysis taking place up to 500°C. Formation of methane was observed at around 300°C, followed by hydrogen at around 350°C. These temperatures are consistent with the reports in the literature that H 2 evolution begins at approximately 300°C with the destruction of the H 2 rich part of the coal [50] . It must be noted that the pyrolysis product distribution depends strongly upon temperature [52] . Slow heating rates increase the amounts of volatiles and tar as well as their formation temperatures [53] , indicating significant heat and mass transfer limitations during the pyrolysis process.
The CO 2 evolution rates during TPO of pristine lignite and the char produced after pyrolysis suggest three different CO 2 formation mechanisms (Fig. 3) . Low temperature combustion peak absent from the TPO of the pyrolysis residue was attributed to the oxidation of aliphatic compounds. Because, all of the aliphatic compounds present in pristine coal were eliminated after pyrolysis as indicated from 1 H and 13 C CP-MAS NMR data (Figs. 4 and 5 ). In addition, the amounts of evolved methane and hydrogen during pyrolysis (0.16 g/g coal) determined by gas chromatography corresponds well with the amount of volatile Table 4 Elemental analysis results of pure coal, pyrolysis char and hydrogenation char. compounds measured by TGA (28 wt%). Remaining differences are attributed to the C 2 and greater carbon-containing volatile compounds that could not be analyzed due to our experimental limitations. Char combustion commences at~500°C (Fig. 3, b-c) and exhibits a consistent pattern of a large CO 2 formation followed by two relatively slower processes indicated by smaller CO 2 evolution peaks for both pristine lignite samples and pyrolysis product. The total area under the peaks of the pristine lignite were evaluated and found to be in good agreement with the amount of carbon in the pristine coal (Table 3) .
Direct hydrogenation of coal has been known since early 20th century [54] [55] [56] [57] . In general, hydrogenation is performed at elevated pressures (~200 atm) and 400°C to produce pitch-like hydrocarbon that crack to light hydrocarbons at 450°C [55] . Coal tar is used to produce benzene, toluene, and xylene, while the pitch fraction of tar is the raw material for the production of activated carbon, graphite, and carbon fiber [58] . The product distribution depends on the type of coal, liquefaction temperature, type of catalyst, and hydrogen donor [54] . The efficiency of the hydrogenation process was found to be higher for the low rank coals [56] . The reason for this is presumed to be that since the H/C ratio is higher in the younger coals, it is easier to break the methylene bridge and alkyl side chain bonds during hydrogenation [55, 56, 59] . It is also important to note that aromaticity of the coal liquid increases with increasing liquefaction temperature [60] . The catalytic effects of metallic oxides present as inorganic compounds prevent the polymerization of the hydrocarbon during the heating process [55] . High hydrogen pressure is required to increase the reaction yield, and this is the main challenge of the process. Furthermore, high H 2 pressure was reported to stabilize the liquid phase and prevents coke formation.
In the work reported herein, hydrogenation/hydropyrolysis was carried out by flowing pure hydrogen gas at atmospheric pressure over a packed bed of lignite. The gaseous products of hydrogenation were not followed quantitatively by a gas chromatograph due to the interferences from a large peak of hydrogen as a reactant and sweep gas, and other complications due to the presence of sulfur, discussed in detail in the experimental part. The remaining char in the packed bed and tar collected at the exit of the reactor were analyzed by elemental analysis and NMR spectroscopy.
The char resulting from hydrogenation exhibited no 1 H signal (and correspondingly no 13 C CP MAS signal), indicating that almost all of the hydrogen and hydrogen containing carbon compounds were removed during hydrogenation. Conversely, tar collected at the end of the reactor exhibited distinct peaks for aromatic and oxygenated compounds (Figs. 4 and 5) . The position of the peaks in tar and the features observed in the 13 C CPMAS NMR spectra for the pristine lignite and the pyrolysis residue indicate that it was possible to remove oligomers from the structure by hydrogenation and collected as tar.
A comparison of the data presented in Figs. 2-5 also reveals the mutual correspondence of aliphatic compounds with the early CO 2 evolution during oxidation: after pyrolysis, the oxidation experiment did not exhibit the low temperature peak. The 13 C CPMAS NMR data (Fig.  5b ) of pyrolysis residue did not exhibit any signal corresponding to the aliphatic carbons (28 ppm), further supporting our argument. The 13 C CP MAS NMR peak assigned to the aromatic compounds lost the shoulder at 150 ppm after pyrolysis. Post hydrogenation residue did not give rise to a detectable 13 C CPMAS NMR signal due to the absence of 1 H signal. But the TGA and elemental analysis data reported in Table 4 for post hydrogenation residue indicate 38% weight loss, 38.8 wt% C and 0.7 wt% H. The similarity of the aromatic peak line shapes of tar and unprocessed lignite in 13 C NMR spectra (Fig. 5) is noteworthy. This fact is interpreted to be an evidence of the presence of chemical bonds in coal structure which can be broken in the presence of hydrogen. The absence of any hydrogenated carbon residues in ash after hydrogenation step further confirms that Tuncbilek lignite can easily be hydrogenated to gaseous and liquid products. As seen in Figs. 4 and 5, similarity of NMR spectra of tar and lignite in aromatic region further suggests that lignite framework is composed of aromatic oligomers, which can be cracked relatively easily in the presence of H 2 . A visual examination of the tar condensed at the reactor exit, after pyrolysis and hydrogenation revealed that hydrogenation resulted in more tar build up than pyrolysis. Due to very small amounts of samples used in our experiments, quantification of the tar collected on the quartz wool placed at the end of the reactor could not be performed. However, the TGA in N 2 of the pyrolysis char and hydropyrolysis char (Table 4) indicate that hydropyrolysis is more efficient in the removal of the volatiles. Tar collected on the quartz wool was also extracted in DMSO for Liquid 1 H NMR analysis. The results are presented in Fig. 7 . The assignment of the peaks and their relative intensities were consolidated in Table 5 [22, [61] [62] [63] . The broad peak in the aromatics region of the pyrolysis tar extract is more symmetric whereas hydrogenation tar extract exhibit broad features. Furthermore, hydropyrolysis char contains fewer aliphatic bonds than pyrolysis char and the DMSO extractable components are mostly aromatic compounds (Table 5) .
It is important to note the role of the catalytic effects of the coal minerals during pyrolysis and hydrogenation. Fe was present in the form of pyrite in Tuncbilek lignite. Pyrite is known to catalyze coal oxidation, liquefaction, and gasification reactions [64] [65] [66] [67] . The reduction reaction of pyrite with H 2 increases the amount of volatiles. Iron sulfide (FeS) produced by pyrite decomposition has a higher reactivity than pyrite and it increases the hydrogenation reactivity by holding the activated hydrogen on the iron sulfide surface [67] . Alkaline (Na and K) and alkaline earth (Ca and Mg) metal species and transitional metals (Fe and Ni) are the most common catalysts [68] . The removal of these minerals in coal inorganic structure was reported to decrease the organic sulfur removal due to the decrease in pyrolytic conversion [65] . The effect of hydrogenation on the sulfur content of the coal and on the aromatic content of the coal was also investigated. After processing in pure hydrogen, N 90% of sulfur in the pristine coal was removed ( Table 4 ). The data presented in Table 4 reveal that the difference between the ash content of the pyrolysis char (59% ash) and hydrogenation residue (62% ash) and their corresponding sulfur contents (3.9 versus 0.5% respectively) agree very well. Noting that the process was carried out under atmospheric pressure hydrogen, elimination of N90% of sulfur is remarkable. Furthermore, most of the volatiles and oxygenates and some of the aromatic compounds were also removed. TGA data compiled in Table 4 indicates that, after hydropyrolysis, only 5% of the sample constituted the volatiles, in comparison to the appreciable amount of volatiles present (19%) in the pyrolysis char. Cracking and removing of O 2 , S and N 2 are the desired reactions in coal-to-liquids processes [69] . Although Mo and Sn compounds were considered as liquefaction catalysts, due to their regeneration problems, Fe compounds became more popular. The most favorable coal liquefaction catalysts were reported as the oxide and sulfide forms of transition metals such as, Mo, W, Co, Sn, Ni, Fe [57] . Greater abundance of Fe in pristine coal and in ash of our Tuncbilek samples (Table 2) is probably the underlying reason of the high reactivity observed for Tuncbilek lignite during hydrogenation and pyrolysis.
The elemental analysis of pristine lignite, compared to the pyrolysis and hydrogenation residues, reveals significant amounts of sulfur loss after both processes (Table 4) . XRF results presented in Table 2 also indicated the loss of significant amounts of sulfur from the structure after combustion. According to the results of Eschka analysis, sulfur was mainly present as pyrite in the pristine lignite (Table 1 ). The elimination of pyrite peaks from the pristine lignite upon pyrolysis and hydrogenation accompanied by the appearance of Fe (110) peak was clearly observed in the XRD patterns, shown in Fig. 6 . Pyrolysis is accepted to be an important desulfurization step [22, [70] [71] [72] , with the major desulfurization reaction being pyrite-organic coal matrix interactions resulting in hydrogen sulfide evolution. Pyrite may also be converted to SO 2 when the oxygen content of coal is high. Inorganic compounds, including Na and dolomite, do not improve either organic or inorganic sulfur removal. On the other hand, they prevent sulfur decomposition [71, 72] .
High amounts of sulfur present in the pristine brown coal assisted the hydrogenation and cracking process, giving rise to gaseous products as well as commercially valuable oxygenates and aromatics at low temperatures and under atmospheric hydrogen pressure. The role of pyrite and sulfur as catalysts for combustion reactions was implicit as increased oxidation temperatures of the hydrogenation char (not shown), deserving further systematic attention. In addition, further studies will also reveal whether atmospheric pressure hydrogenation of brown coals with large amounts of pyritic sulfur bear economical advantage when sulfur recovery and utilization is also integrated in the overall process. C NMR analyses, combined with TGA and semi-batch combustion reactor measurements, revealed that hydrogenation can produce coal tar with an organic structure similar to the pristine lignite. N90% of the sulfur in Tuncbilek lignite could be eliminated under atmospheric pressure hydrogen flow. After hydrogenation, the carbon residue and liquid products were essentially sulfur free. The rate of formation of CO 2 due to pyrolysis char, monitored during temperature programmed oxidation reaction, did not change appreciably in the absence of volatiles, consistent with the results of TGA measurements.
Conclusions
